Hybrid triploid poplars [(P. tomentosa x P. bolleana) x P. tomentosa] genetically engineered with cowpea trypsin inhibitor (CpTI) gene have been out-planted in field for two years. They were used to detect their efficacy against 3 species of poplar defoliators: forest tent capterpillar, Malacosoma disstria Hübner, gypsy moth, Lymantria dispar Linnaeus and willow moth, Stilpnotia candida Staudinger by using detached leaves and for the purpose of identifying the CpTI gene at the molecular level. Foliage of transgenic poplars elicited an increase in larval mortality rate and a decrease in foliage consumption, wet weight gains, faeces excretion, deposited pupae number and pupae weight, thus indicating its effectiveness in affecting the growth, development and fecundity of larvae rather than only directly killing them. PCR and Southern blotting analyses confirmed the stable incorporation of CpTI gene while proteinase inhibitory assays disclosed its high level expression in the two-field-season of transgenic trees. Efficacious insect resistance and higher content of CpTI in foliage were found in transgenic clone TG04, TG07, TG08 and TG71, demonstrating a correspondence between the insect resistance level and the CpTI content in the foliage of transgenic poplar.
Introduction
Chinese White Poplar (Populus tomentosa Carr.) is one of the indigenous tree species of white poplar (Section leuce) in China. It is found in the country's middleeastern region, and covers about one million km 2 (approximately 1/9 of the total area of China). It is characterized by rapid growth, high yield and short rotation and is commonly known for the superior timber that it yields, and is widely used as an important afforestation and landscape species in the north of China (ZHU and ZHANG, 1997) . Moreover, the newly bred hybrid triploid poplar [(P. tomentosa x P. bolleana) x P. tomentosa] (ZHANG et al., 1992 (ZHANG et al., , 1997b has demonstrated great improvement in photosynthetic rate (LI et al., 2000a) and wood quality (PU et al., 2002; XING et al., 2002) in addition to the traits in diploid P. tomentosa Carr., and is a good candidate for genetic engineering as a result of the establishment of an improved regeneration system (HAO et al., 1999a; LU et al., 2001 ) and its high sterility rate (ZHANG et al., 2000) , thus promising a dramatically decreased possibility of transgene dispersal from engineered poplars to wild types through pollen hybridization and also ensuring high biosafety of engineered poplars to environment.
However, P. tomentosa Carr., like other poplar species, is vulnerable to many insects. It is the host to more than 200 species of insects, most notably to 30 kinds of Lepidoptera and Coleoptera (including underground insects, leaf or twig damaging insects and stem borers), which pose the most serious threat (XU, 1988) . Over the past few decades, various methods have been utilized to reduce this insect problem. The traditional spray application of insecticidal proteins and chemical toxins is effective in that it kills the insects instantly, but it has devastating long-term effects for the environment. Traditional breeding for insect resistance is a difficult task in trees with long rotations and limited resistant hereditary resources (XU, 1988; WHITMAN et al., 1996; ZHANG, 1997a) . But genetic engineering provides an opportunity to transfer new specific traits of interest into valuable genotypes (CAMPBELL et al., 2003) . To date, scientists world-wide have been able to genetically engineer poplars resistant to insects by relying mainly upon genes encoding insecticidal proteins of Bacillus thuringiensis δ-endotoxin (MCCOWN et al., 1991; WU et al., 1991; TIAN et al., 1993 TIAN et al., , 2000 PANNETIER et al., 1997; CHEN et al., 1995) and those encoding proteinase inhibitor (KLOPFENSTEIN et al., 1991; LEPLE et al., 1995; URWIN et al., 1995; HEUCHELIN et al., 1997; CON-FALONIERI et al., 1998; HAO et al., 1999b; LI et al., 2000b; DELLE DONNE et al., 2001; YANG et al., 2003) .
Cowpea trypsin inhibitor (CpTI) is a small polypeptide belonging to the Bowman-Birk type of double-headed serine proteinase inhibitors (HAMMOND et al., 1984; HILDER et al., 1989; RYAN, 1989 RYAN, , 1990 LIU et al., 1993) , and has high efficacy in affecting growth and development of insects including Lacanobia oleracea (BELL et al., 2001 ) and a wide range of other Coleoptera, Diabrotica species, Anthronomus grandis, Lepidoptera and Orhoptera (HILDER et al., 1990) . Moreover, it is less likely to induce resistance of insects due to the fact that it binds competitively to the comparatively conserved active site of digestive enzymes, and is highly sensitive to pepsin, thus promising it safety to mammals (RYAN et al., 1989; HILDER et al., 1989) . Therefore, it is considered to be an ideal candidate for yielding transgenic plants resistant to predators (GHOSHAL et al., 2001) . This was firstly demonstrated by HILDER et al. (1987) when cowpea trypsin inhibitor (CpTI) gene was transferred from Vigna unguiculata to tobacco. The transgenic tobaccos conferred resistance to a wide range of insect pests, such as Lepidoptera Heliothis and Spodoptera. It was followed by the genetically engineered rice (XU et al., 1996) , tobacco (GHOSHAL et al., 2001 ) and hybrid triploid poplar [(P. tomentosa x P. bolleana) x P. tomentosa] (HAO et al., 1999b) , etc.
In the hope of providing a new poplar variety to meet the pressing afforestation need in China, the hybrid triploid poplar [(P. tomentosa x P. bolleana) x P. tomentosa] was further improved in resistance against insect attack by genetically engineering it with CpTI gene at our university, and integration and expression of the foreign gene in the host genome had been characterized by our preliminary studies performed on regenerated shoots and plantlets (HAO et al., 1999b) . They were then planted in the field for more than two field seasons without insect feeding bioassays or further studies at molecular level. Two-field-season of plantation in field increased our interest in figuring out the efficacy of transgenic poplars to defoliators and our curiosity about the integration status and the expression level of CpTI gene in host genome.
In this study, we detail the use of insect feeding bioassays to evaluate the efficacy of two-field-season of genetically engineered poplars against 3 species of poplar defoliators and of PCR, Southern blotting and proteinase inhibitory assays to identify CpTI gene and its encoded protein at the molecular level. Increased insect resistance of transgenic poplars was identified, stable incorporation and active expression of CpTI gene in engineered poplars were confirmed, efficacious insect resistance and higher content of CpTI were detected in 4 transgenic clones revealing a correspondence between the insect resistance level and the CpTI content in the foliage of transgenic poplars.
Materials and Methods

Plant Materials
Transgenic hybrid triploid poplars [(P. tomentosa x P. bolleana) x P. tomentosa] were produced by Agrobacterium tumefaciens-mediated transformation as described by HAO et al. (1999b) . The plasmid T-DNA (pBin Ω SCK) harbored the CpTI gene and kanamycin resistance gene NPT II from Tn5, both of which were under the control of a constitutive CaMV 35S promoter in 5' end and a T-nos terminator in 3' end. A SKTI signal peptide and a KDEL coding sequence were fused in the 5' region and 3' end of CpTI gene, respectively, thus forming a SignalCpTI-KDEL construct. Between the promoter and the modified CpTI gene construct is a 68bp long Omega element from a Tobacco Mosaic Virus (TMV) gene encoding a 126KD protein, which is located in the untranslation region of upstream transcription sequence, and has the potential to enhance the expression of downstream gene.
Both transformed and untransformed (control) poplars were propagated from micro-cultured shoots and 3-10 individual seedlings for each clone (control included) and were then transplanted in Houbajia field, in a northern suburb of Beijing in fall of 2000.
Insect Materials
The early 3rd-instar forest tent caterpillar, Malacosoma disstria Hübner, were collected from branches of Malus micromalus Makino at our university and reared with the foliage of Malus micromalus Makino for 2d. The gypsy moth, Lymantria dispar (L.) was reared from the egg bands provided by Forest Protection Laboratory at our university until early 3rd-instar, at which point the larvae were fed with the foliage of Diospyros kaki (L.). The first generation willow moth, stilpnotia candida staudinger were gathered in their later 5th-instar from the Populus canadensis Moench (P. deltoides x P. nigra) in front of Forest Protection Station at our campus and were transferred to the greenhouse for feeding assay. 3 egg bands produced by the first generation willow moth were collected for the preparation of the second-generation larvae and the larvae were reared until 3rd-instar. All larvae were reared in a controlled environmental chamber at 27°C and a photoperiod of 16:8 (L: D) h.
Insect bioassay and data analysis
Four non-choice laboratory feeding assays were launched on 18 April, 18 May, 9 June and 28 June using early 3rd-instar forest tent caterpillar, later 5th-instar willow moth, early 3rd-instar gypsy moth and early 3rd-instar willow moth, respectively. The leaves with the same size were excised at the base of the petiole from each tree, sealed in plastic sandwich bags, and taken to the laboratory. The same poplars were used for all 4 assays.
For each insect bioassay, a group of 10 to 20 defoliators held in a glass vial (7.5 cm diameter, 12.5 cm height) were allowed to feed on the leaves of each clone (3 replicate treatments per clone). To maintain the humidity of air and leaves, a piece of wet filtration paper was placed on the bottom of each container. The feeding foliage was replaced with a new one every other day. Larvae were removed from original rearing leaves the day before the launching of insect bioassays to void the mid-gut of insects before weighing them.
The mortality rates of larvae feeding on the foliage of each clone was recorded and analyzed to evaluate the toxicity of each transgenic clone to defoliators.
All original defoliators in each vial and the final survival larvae were grouply weighed, respectively, to calculate the mean wet weight gains of insects. Faeces excreted in a period of 8d were collected and dried overnight in an oven at 60°C and the mean dry weight gains were used as a measure of food intake (JOHNSTON et al., 1993) . By the end of the trial performed on the second-generation of willow moth larvae, male and female pupae weight were measured respectively, the egg numbers deposited were counted to estimate their fecundity.
All of the data from insect bioassays were analyzed using one-way analysis of variance (ANOVA) and subse- 
Assay of cowpea trypsin inhibitor
Leaf protein extraction was performed as described previously (PERLAK et al., 1991) . Assay of trypsin proteinase inhibitor with the casein as the substrate of trypsin was performed as also described previously (HAO et al., 1999; XU et al., 1996) . 0, 0.4, 0.8, 1.2, 1.6, 2.0 and 2.4 µg of cowpea trypsin inhibitors were mixed with trypsin respectively, and incubated at 27°C for 30 minutes, followed by the addition of 100 µg substrate of trypsin. The casein with the hydrolysis was incubated at 30°C for 1h. Data derived from the OD 280 were used to draw the standard inhibitory curve. The same procedure for construction of standard inhibitory curve was used in the inhibitory reaction of plant CpTI to trypsin, except that the cowpea trypsin inhibitor was replaced with 50 µg extracts from the young leaves and old leaves of each clone. The quantification of plant CpTI was calculated according to the data of OD 280 achieved from the standard inhibitory curve.
PCR and Southern analysis
DNA was extracted from poplar leaves as described by ROGERS and BENDICH (1985) . PCR analysis was performed with gene specific primer combination 5'-ATGAAGAGCACCATCTTCTTTGCTC-3' and 5'-CTTACTCATCATCTTCATCCCTGG-3' designed according to sequence of the CpTI gene cloned by LIU et al. (1993) . PCR amplification was performed on an ABIthermocycler (9700) and in PCR buffer (10 mM Tris pH 8.0, 0.01 percent gelatin, 0.1 percent Triton X-100, 80 mM KCl, 3.5 mM MgCl 2 ) containing 25 pM of each primer, 250 µM of each dNTP (Pharmacia Ultra pure), 20-100 ng of target DNA, 5 units of Taq DNA polymerase (Promega). Reaction volumes were made up to 50 µl. Amplification of CpTI genes was achieved by an initial denaturation step at 94°C for 5 min followed by addition of the polymerase and 34 cycles of 94°C, 30 s; 55°C, 60 s; 72°C, 60 s, with a final extension step of 10 min at 72°C. Amplified products were separated on 1.5 % agarose gel in 1 x TAE buffer. Fragments were viewed under UV light after gel staining with ethidium bromide and photographed using an Olympus Digital Camera. DNA fragment sizes were determined by comparison to [lambda] HindIII digested and Pharmacia 100bp ladder size markers.
As for Southern blotting analysis, 10 µl (1µg/µl) plant genomic DNA was subject to overnight digestion by 1 µl HindIII (5 U/µl) at 37°C, electrophoresed through 1.0 % (w/v) agarose, and blotted onto hybond-N + membrane (Amersham) using standard protocol (SAMBROOK et al., 1989) . The DNA was cross-linked to membrane using HL-2000 HybriLinker (UVP) prior to prehybridization for 1h at 42°C in DIG Easy Hyb solution provided in DIG High Prime DNA Labeling System and Detection Starter Kit I (Roche). DNA probe of CpTI gene was prepared by artificially synthesizing a 100bp fragment of CpTI gene specific sequence due to the unavailability of positive Agrobacterium tumefaciens containing the gene of interest and then labeling it through mixing it with the DIG-High Prime contained in the Kit overnight at 37°C, and hybridization performed at 42°C for 16 h. The membrane was rinsed twice in ample 2 x SSC, 0.1% SDS at room temperature under constant agitation for 5 min, and washed 2 x 15 min in 0.5 x SSC, 0.1% SDS (prewarmed to wash temperature) at 65°C under constant agitation. It was followed by a 5 min rinse in Washing buffer, 30 min successive incubation in both Blocking solution and Antibody solution, 2 x 15 min washing in Washing solution and 5 min equilibration in Detection buffer. Hybridization bands were revealed by incubation without agitation in freshly prepared color substrate solution containing NBT/BCIP.
Results
Fatal effectiveness
To determine the fatal effectiveness of transgenic poplars to Lepidoptera, 3 species of defoliators, 12 transgenic poplar clones and one untransformed control were used to conduct insect bioassays. The mortality rates of forest tent caterpillar, gypsy moth and willow moth were recorded after 20d, 5d and 38d of incubation, respectively. Analyses revealed significant interaction between genotype and larval mortality rates of three species of insects (P = 3.2E-10, 4.4E-4 and 9.8E-9, for forest tent caterpillar, gypsy moth and willow moth, respectively). All larvae feeding on foliage from transgenic poplars demonstrated greater mortality rates than the untransformed control. After checking the average mortality rates of 3 species of larvae feeding on foliage from the same poplar clone, significant differences in fatal toxicity to larvae were found among all poplar clones (P = 0.016). The mortality rates of larvae feeding on foliage of distinct poplar clone ranged from only 12.04 % (Control) to as high as 83.33 % (TG07). The larvae exposed to foliage from clone TG04, TG07, TG16 and Table 1 . -Average larval mortality (%) with standard errors of different insect species after feeding on field-collected foliage of control and genetically engineered hybrid poplars.
Average represents the average larval mortality of 3 defoliators; within each column, means with the same letter are not significantly different (P = 0.05); ANOVA FISHER's LSD test. TG71 exhibited larval mortality rates higher than 57 % ( Table 1) .
In April, the foliage of 8 transgenic clones caused a larval mortality rate of more than 50 % in forest tent caterpillars after 20d feeding assays. Among them, 4 transgenic clones: TG04, TG07, TG20 and TG53 were fatal to over 80 % insects and TG53 was found fatal to even 95.56 % insect pests (Table 1) , while, the larvae given the foliage of clone TG10 disappeared only 22.22 %, demonstrating its weakness in defending against predators ( Table 1) .
In May, 3rd-instar gypsy moth was found to be more susceptible to transgenic poplars than were both forest tent caterpillar and willow moth. More than 60 % larvae consuming foliage of transgenic clone TG04, TG07, TG08, TG16 and TG71 died within 5d ( Table 1) , which was significantly higher than that for untransformed control (only 13.33 %) (P = 4.4E-4). The highest mortality rate (up to 80 %) was found on larvae fed with foliage from transgenic clone TG07, the lowest (40 %) for clone TG53 except the control. Interestingly, on 7th day, the whole assay was forced to end seeing as the mortality rates of all larvae given transgenic plants was over 86 % without significant difference and that for control also reached 76.67 %.
Contrary to 3rd-instar gypsy moth, the first generation later 5th-instar willow moths appeared to be highly resistant to transgenic poplars and finished their developmental cycle without any abnormality (data not shown), and the second-generation defoliators feeding on foliage of transgenic poplars kept the insect bioassay pupating without high larval mortality rates. Nevertheless, significant differences in larval mortality rates were found in the second-generation larvae consuming foliage from distinct poplar clones (P = 9.8E-9). The mortality rates of larvae eating foliage from clone TG04, TG07 and TG71 was all over 50 %, and even up to 83.33% larval mortality rate were observed for clone TG71 ( Table 1) .
Based on the results disclosed above, 7 transgenic clones with comparatively higher efficacy against 3 species of defoliators were screened out of all transgenic poplars for the subsequent further analysis, and 3 clones TG04, TG07 and TG71were considered as the ideal transgenic poplars in afforestation for their being fatal toxicity to more than 50 % larvae, particularly the best clone TG07.
Foliage consumption and faeces excretion
To investigate the effects of transgenic poplar on food intake and faeces excretion of larvae, the foliage consumption was observed first. As shown in Figure 1 , 3rd-instar willow moth, like other two species of defoliators, consumed less field-collected foliage containing CpTI gene, and were much smaller in body size than those larvae fed with untransformed control foliage. Later, the faeces excreted by both forest tent caterpillar and willow moth feeding on foliage of poplars for a period of 8d were collected and measured. Larvae feeding on transgenic poplars excreted significant fewer faeces (P = 2.3E-19 and P = 4.7E-11, for forest tent caterpillar and willow moth, respectively) ( Table 2 ). An average of 755 mg of faeces were totally excreted by individual larva of forest tent caterpillar consuming foliage from control within 8d, and 1025 mg by that of willow moth (Table 2) , while, less than 320 mg of faeces were collected from individual larva of forest tent caterpillar and 720 mg from willow moth exposed to foliage from transgenic clones during the same period. Transgenic clone TG04, TG07 and TG71 elicited only 36 mg, 67 mg and 189 mg of faeces per larva of forest tent caterpillar, respectively, and 461 mg, 254 mg and 342 mg per larva of willow moth correspondingly ( Table 2 ) indicating their greater effectiveness in reducing the excretion of faeces than control and other transgenic clones.
Wet weight gain
Along with the analysis of mean faeces weight, the mean wet weight gains of larvae were calculated to indirectly evaluate the effects of transgenic poplars on metabolism, growth and development of defoliators. Larvae feeding on foliage from transgenic poplars had significantly lower mean wet weight gains than did those exposed to control foliage (P = 1.4E-18 and 1.3E- Table 2 . -Average excreted faeces weight (mg) with standard errors of 2 species of larvae after feeding on field collected foliage of control and transgenic hybrid poplars for a period of 8d.
Within each column, means with the same letter are not significantly different (P = 0.05); ANOVA FISHER's LSD test. Table 3 ). The mean wet weight of forest tent caterpillar consuming foliage from control was increased by 141 mg after 20d feeding, and 723 mg for willow moth after 28d rearing. However, only less than 84 mg and 360 mg of mean wet weight gains were revealed in forest tent caterpillar and willow moth consuming foliage from transgenic clone, respectively. These results indicated that the transgenic foliage induced the reduction of mean wet weight gains of larvae. Further analysis found that TG04 and TG07 resulted in the increase in larval wet weight gains of forest tent caterpillar by less than 40 mg, as did TG07 and TG71for that of the willow moth, and the efficacy of these 3 clones in reducing the larval wet weight gains was further confirmed ( Table 3) .
Pupae weight and deposited egg number
On the 29th day of the bioassay performed on willow moth, pupae were firstly discovered in vials given control foliage. 5d later they were discovered in vials containing foliage of transgenic poplars. On 38th day of the inoculation, all pupae in vials containing transgenic foliage and those given control foliage were collected and grouply weighed respectively to further investigate effects of transgenic poplars on the growth and development of larvae by calculating their mean weight. Two types of willow moth pupae given foliage from transgenic poplars had almost half weight of pupae developed from the larvae exposed to control foliage (P = 1.8E-4 and 0.02, for female and male pupae, respectively) ( Table 4) , and were much smaller in physical size in comparison to control pupae (Figure 2 ).
After the above analysis, the pupae developed from larvae given foliage of transgenic poplars and those from control foliage were grouply incubated in 2 distinct containers in greenhouse. It is profitable for their independent hatching and copulating within distinct group. The fecundity of adult willow moths was evaluated by counting their deposited egg number. The number of deposited eggs of adult willow moth developed from larvae exposed to control foliage (132 eggs) was almost double of that for transgenic poplars (68 eggs) (P = 0.03) ( Table  4) . These results demonstrated that foliage of transgenic poplars has evident effectiveness in retarding physical Table 3 . -Average wet weight gains (mg) with standard errors of 2 species of larvae after feeding on field-collected foliage of control and genetically engineered hybrid poplars.
Within each column, means with the same letter are not significantly different (P = 0.05); ANOVA FISHER's LSD test. Table 4 . -Average pupae weight (mg) and deposited egg number with standard errors of S. candida Staudinger after feeding on field-collected foliage.
Control represents S. candida Staudinger feeding on foliage of untransformed poplars, Transgenic is S. candida Staudinger feeding on foliage of transgenic poplars; Female and male represent corresponding gender of S. candida Staudinger.
Figure 2. -Comparison of pupae size of pupated S. candida
Staudinger after feeding on field-collected foliage. TRANS. represents pupae developed from larvae after feeding on foliage of transgenic poplars, CK is pupae developed from larvae after feeding on untransformed control foliage. development of insects and affecting their fecundity as well.
PCR and Southern blotting analysis
Insect bioassay was followed by molecular identification at DNA level to determine the integration status of CpTI gene in the host genome. Genomic DNA extracted from 6 transgenic poplar clones (TG04, TG07, TG08, TG16, TG53 and TG71) and one control poplar were used to perform PCR analysis with CpTI gene specific primer combination. As shown in Figure 3 , a clear and identical DNA fragment of about 415bp specific to CpTI gene was observed in all transgenic lanes, while no corresponding DNA fragment was shown in non-transgenic lane. Identical results were obtained in 3 repeated experiments.
Following PCR analysis, Southern blotting experiment was performed on HindIII digested genomic DNA from 4 transgenic poplar clones (TG04, TG07, TG16 and TG71) and one control poplar. It was demonstrated that there were clear and strong hybridization signals ranging from 1.5 kb to 4.0 kb in size on lanes for all transgenic poplar clones. However, no corresponding hybridization signal in the lane for the untransformed poplar clone was observed indicating the absence of Zhang et.al.·Silvae Genetica (2005) CpTI gene in the genome of control poplar (Figure 4) . The position of hybridization signals on the film differed from every other transgenic clone, which demonstrated the random incorporation loci of each copy of CpTI gene in the genome of different poplar clone. Interestingly, the main hybridization signal observed on lane for TG16 was much weaker than those for other 3 transgenic clones and its position was the lowest on the film. In addition, a very dim hybridization signal was detected on the film in the lane for TG16 and its place was very close to the electrophoresis start line which could be contributed to incomplete digestion of plant genomic DNA. The above results confirmed the presence and stable incorporation of CpTI gene in the host genome of twofield-season trees.
Determination of CpTI content
After insect bioassay and molecular identification at DNA level, the CpTI content in both young and old leaves of poplars with comparatively high insect resistance were determined by proteinase inhibitory assays to investigate the role of CpTI played in insect resistance and the expression feature of this gene in host genome. It was found that CpTI content in leaves from 7 tested transgenic poplar clones ranged from 9.56 µg.g -1 FW to 16.74 µg.g -1 FW ( Figure 5 ) and CpTI content in 2 types of leaves was very close. Most transgenic clones have more than 14.0 µg.g -1 FW of CpTI in both young leaves and old leaves. More than 16 µg.g -1 FW of CpTI was detected in 2 kinds of leaves from clone TG07 and TG71. These results demonstrated that there was high amount of CpTI in both young and old leaves of each transgenic clone highly resistant to defoliators, and seemed that there was no significant difference in the expression level of CpTI gene in 2 types of foliage from the same transgenic clone. However, no CpTI was detected in control plant, indicating the absence of the CpTI gene. Moreover, CpTI content detected in 2 types of leaves from clone TG04, TG07, TG08 and TG71 was much more or a little less than 14.0 µg.g -1 FW, thus accounting for their high insect resistance.
Discussion
The role of cowpea trypsin inhibitor (CpTI) as defensive compounds against insect pests of the orders Lepidoptera, Coleoptera and Orthoptera is well established by artificial diet bioassays (BROADWAY et al., 1986; JOHN-SON et al., 1993; BELL et al., 2001 ) and insect feeding trials on genetically engineered plants (HILD et al., 1987; BOULTER et al., 1989; GHOSHAL et al., 2001) . Here, we have proved that following 2 winter dormancies transgenic poplars conferred resistance to 3 Lepidopterans by highly and constitutively expressing CpTI protein in the foliage. Although the transgenic foliage did not elicit mortality rates of willow moth after feeding trials as high as that exposed to foliage expressing Bacillus thuringiensis δ-endotoxin (MCCOWN et al., 1991; WU et al., 1991; TIAN et al., 1993; CHEN et al., 1995) , it was found to be fatal to gypsy moth and comparatively deleterious and toxic to forest tent caterpillar, and resulted in huge decrease in foliage consumption, wet weight gains, faeces excretion, deposited pupae number and pupae weight of willow moth, indicating CpTI being efficacious in retarding growth and physical development of insects and impairing their fecundity by affecting inner metabolism rather than directly killing them completely. This insect resistance phenotype was proved particularly evident on 4 transgenic clones: TG04, TG07, TG08 and TG71.
Within the mid gut of insect, CpTI binds competitively to the binding site of a target enzyme to form an enzyme-inhibitor (EI) complex and subsequently renders the enzyme incapable of binding to and cleaving to peptide bonds of proteins (BROADWAY et al., 1992) . However, an ingestion of proteinase inhibitors does not eliminate proteolytic digestion in the midgut of insect, but leads to the accumulation of undigested food. It is followed by hyperproduction of proteolytic enzymes as a result of feedback regulation, which, in turn, induce reduced availability of essential amino acids for protein synthesis, finally resulting in retarded growth and development (LAWRENCE et al., 2002) . However, processing these procedures in the gut of larvae eating foliage of transgenic poplars is completely dependent on the presence of high level CpTI protein expressed in the foliage. Being under control of constitutive CaMV 35S promoter and the modification with addition of an Omega element, a SKTI signal peptide and a KDEL coding sequence have the potential to enhance the expression level of CpTI gene dramatically. This prediction was confirmed by our proteinase inhibitory assays performed on the protein extracts of leaves from 7 transgenic clones, particularly 4 clones with higher resistance against predators.
Moreover, the detection of high level CpTI in leaves and the identification of CpTI gene using PCR and Southern blotting analysis further confirmed that the stable integration and expression status of foreign CpTI gene in the hosts have not been changed by the twofield-season of growing in the field.
In screening for fine transgenic clones, 3 transgenic clones: TG04, TG07 and TG71 were picked out immediately due to their outstanding performances in all indexes used for evaluating insect resistance. TG16, TG80 or TG53, rather than TG08, should be selected as the fourth prominent transgenic clone in terms of fatal toxicity to tested larvae ( Table 1) , while further analysis found that TG08 was superior to all of them with regard to the subsequent evaluation indexes including faeces excretion ( Table 2) , mean weight gains ( Table 3) and CpTI content (Figure 5 ), which thereby determined its selection as the final fine transgenic clone.
With regard to developmental stage of tested larvae, many insect feeding bioassays performed on transgenic plants expressing Bt δ-endotoxin usually choose the 1st-instar larvae as testing insects (TIAN et al., 1993; CHEN et al., 1995) , and consequently revealed extremely high larval mortality rates. YANG et al. (2003) conducted feeding trials using various instar larvae, and found gradual decrease in larval mortality rates as the larvae developed. Our studies were performed on 3rd-instar larvae, and disclosed middle level larval mortality rates. It seems that developmental stage plays an important role in the response of larvae to the feeding, and that lowerinstar larvae is much more susceptible to the change of environment and food than higher-instar larvae, particularly 1st-instar larvae due to their weakness. Therefore, the best way to acquire convincing results of insect feeding assays would be to perform such test using larvae at different developmental stage.
Besides the lab tests under controlled condition, revealing the performances of transgenic poplars in the field is much more important because of their final usage in afforestation, and has been under way. Their fine performances in lab tests ever led to an expectation that the growth status of transgenic poplars should be better than untransformed poplars as a result of reduction in damage to leaves, twigs, roots or stems caused by insect pests. However, according to our current field investigation, no significant difference in growth status and damage degree between transgenic and untransformed poplars has been discovered (data not shown). One possible reason is that both transgenic and untransformed poplars in our small area of test field separated from other forest stands are not ideal hosts to local insect pests, or cannot provide a fitting environment for their survival. Moreover, this result from field investigation also identified that the growth status of transgenic poplars has not been interfered by the incorporation of foreign CpTI gene. Nevertheless, what their success rate in insect resistance and growth status would be once they were actually used in afforestation remains uncertain, and requires further investigation, because the change in environment, the management and the interference of surrounding creatures (particularly human beings etc) have the potential to make what has been observed in lab tests under controlled conditions inapplicable to actual field condition.
Introduction
The Qinghai-Tibetan Plateau is the largest and highest plateau of the world, located in southwestern China. Due to its unique geographical and geological historical factors, variable terrain and complex climatic conditions, the Qinghai-Tibetan Plateau, especially its southern and eastern mountain areas, has abundant and special resources of the genus Populus, and it is regarded as the natural distribution and variation center of genus Populus in China (WEISGERBER and HAN, 2001; YU, 2003) . Many Populus species, mainly of Sect. Tacamahaca Spach, occur in the mountains and canyon belts between the plateau and plain at altitudes varying between 1,500-4,300 m above sea level. Most native species of this section have strong resistance against stressful environments, and they are used as important genetic resources for plantation and breeding work in Population Genetic Survey of Populus cathayana Originating From Southeastern Qinghai-Tibetan Plateau of China Based on SSR Markers
